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Outline
1. Introduction (I) — Filled Skutterudite Compounds (SrFe4As12 and
SrOs4As12)
2. Introduction (II) — NMR
3. SrFe4As12 NMR Data — Ding, Q. P., et. al. PRB, 98, 2018, 155149.
4. SrOs4As12 NMR Data — Ding, Q. P., et. al. PRB, 100, 2019, 054516.
5. SrFe4As12  High NMR Pressure Data
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Skutterudite Crystal Structure of RT4X12
Filled Skutterudite Compounds: 
• R = rare earth (Ce, Yb), alkaline earth 
• T = Ir, Pt, Rh, Fe, Ru, and Os 
• X = P, Sb, As and Ge 
Wide Variety of Physical Properties: 
• Superconductivity 
• Metal-insulator transition 
• Quadrupolar ordering 
• Heavy fermion behavior 
• Excellent thermoelectric propertiesBody Center Cubic Structure (RT4X12)
Not much study on d electron systems 
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Electrical Properties of SrT4As12
K. Nishine et al. JJAP 56, 05FEB01 (2017). 5d: SrOs4As12 superconductor, TC ~ 4.8 K 
A new opportunity for a systematic study of the role of different 
d electrons, 3d (Fe), 4d (Ru), 5d (Os).
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Physical Properties of SrFe4As12
 = 58 mJ/(K mol) , Very 
large!!! Fe - As strong 
electric correlation
γBroad maximum: ~ 50 K, CW behavior at 
high T: μeff = 1.36μB/Fe
K. Nishine et al. JJAP 56, 
05FEB01 (2017).
NMR is a powerful technique to investigate magnetic correlations. 
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Introduction (II) 
NMR
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History & Development
• 1936    Prof. Gorter, first attempt to detect nuclear magnetic spin (but he did 
not succeed) 1H in K[Al(SO4)2]•12H2O and 19F in LiF  
• 1938    Prof. Rabi, first detection of nuclear magnetic spin (1944 Nobel prize)  
• 1942    Prof. Gorter, First use of a terminology of “NMR” (Gorter, 1967, Fritz 
London Prize)  
• 1946    Prof. Purcell, Torrey, Pound, detected signals in Paraffin; Prof Bloch, 
Hansen, Packard, detected signals in water (Purcell, Bloch, 1952 Nobel Prize)  
• 1950    Prof. Hahn, Discovery of spin echo -> Spin echo NMR spectroscopy 
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Nuclear Magnetic Resonance (NMR)
• Nucleus (N) may have a magnetic moment 
•  (  is the gyromagnetic ratio,  is the 
total angular momentum) 
• Zeeman energy depends on magnetic field H 
•  
• Resonance frequency ( ) 
•
μ = ℏγNI γN Iℏ
HZee = − ℏγNI ⋅ HN
fL
fL =
ΔE
h
=
γNH
2π
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Nuclear Quadrupolar Resonance (NQR)
• Nuclear electrical quadrupole moment (eQ) ≠ 0 if l > 1/2 
• It may be in a finite electrical field gradient (EFG) 
• , V is electric potential 
• Interaction between eQ and EFG 
• , where 
 is the asymmetry parameter 
• Energy levels ( ): 
• , where 
VZZ =
d2V
dz2
HQuad =
eVZZQ
4I(2I − 1)
(3IZ2 − I2) +
1
2
η(I2+ + I2−)
η =
Vxx − Vyy
Vzz
η = 0
E = A[3Iz2 − I(I + 1)] A ≡
eVZZQ
4I(2I − 1)
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NMR Spectrum with Quadrupole Resonance
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Nuclear as A Sensor for Electronic Properties
• Nuclear experiences additional field due 
to hyperfine interaction with electrons.
• Nuclei relaxes back from non-equilibrium 
to equilibrium state by exchanging 
energy with the lattice.
• Knight Shift: 
•  
•  is the hyperfine coupling constant
K = ( fres − fL)/fL = (
Ahf
NAμB
)χ(q = 0,ω = 0)
Ahf
• Nuclear Relaxation Rate: 
•
 
• Dynamic susceptibility  spin fluctuations
1
T1
=
2γ2kB
N2A
T∑
q
|Ahf(q) |
2 Im(χ(q, ω))
Im(χ(q, ω))αS(q, ω)
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Korringa Relation
• , 
  
•  
  
• (This does not depend on materials!)
K =
A
2
g2μB{N(ϵF)}
1
T1
=
π
ℏ
(γNℏ)2A2g2{N(ϵF)}2kBT
1
T1TK2
=
4πkB
ℏ
(
ℏγN
gμB
)2 =
4πkB
ℏ
(
γN
γB
)2 ≡ S
• Modified Korringa Relation: 
•  
• : AF spin correlation 
• : F spin correlation
1
T1TK2
= KαS
Kα > 1
Kα < 1
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SrFe4As12 Experimental Data
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Nuclear Spin Hamiltonian
75As-NMR Spectrum in SrFe4As12
•  
•  
•  
• The calculated spectrum with the NMR 
frequency f = 37 MHz, NQR  = 54.8 MHz, 
and  = 0.4. 
Large quadrupole interaction!!!
H = HM + HQ
HM = − γℏ(1 + K)H[
1
2
(I+e−iϕ + I−eiϕ)sinθ + IZcosθ]
HQ =
hνQ
6
[3I2Z − I
2 +
1
2
η(I2+ + I2−)]
νQ
η
Impurity phase of arsenic metal: ~12% spectral weight composed of 75As NMR spectrum with 
 = 23.6 MHz, and  = 0.νQ η
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Electric Quadrupole Interaction
75As-NQR Spectrum in SrFe4As12
• νNQR = νQ 1 + η2/3 = 56.3MHz
IZ = ±
3
2
IZ = ±
1
2
Electrical Quadrupole Interaction: 
 
: asymmetry parameter of EFG
HQ =
hνQ
6
[3I2Z − I
2 +
1
2
η(I2+ + I2−)]
η
Empirical relation: , νNQR(T) = νNQR(0)(1 − αQT3/2) αQ = 3.21 × 10−6K−3/2
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Temperature Dependence of 1/T1
Conave-shaped Band Structure Model
•  
•  K,  K, and  
• The suppression below  can be explained by 
the rigid peculiar band structure modeled.
1
T1
= ∫
∞
0
D2(E)f(E)[1 − f(E)]dE
Δ = 88 W = 220 r ≡ D1/D0 = 0.38
T*
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Magnetic Correlations
75As-NMR Spectrum in SrFe4As12
In order to estimate , one needs the 
temperature dependence of Knight shift.
α
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NQR Spectrum under Small Magnetic Fields
75As-NMR Spectrum in SrFe4As12
From the H dependence of the edge position 
( ) of NQR spectrum, one can estimate the 
Knight Shift K at each temperature.
fL
Q-P. Ding et al. PRB 98, 155149 (2018).
(Blue line: calculated spectrum at H = 0.5T)
NQR Spectrum under small magnetic field 
•  
•  
•  for 
νNQR(H) = νNQR(0) ±
γN
2π
(1 + K)F(θ)H
F(θ) =
cos(θ)
2
[3 − (4tan2θ + 1)]
F(θ) = ± 1 θ = 0, π
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Temperature Dependence of K in SrFe4As12
75As-NMR Spectrum in SrFe4As12
Broad minimum around 50 K 
(consistent with  data)χ
,  
, 
K(T ) = KS(T ) + K0 KS(T ) =
zAhf χS(T )
NA
Ahf = − 2.24kOe/μB K0 ≈ 3.3 %
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Korringa Analysis
Existence of Ferromagnetic Spin Correlations
Show the existence of ferromagnetic spin 
correlations!
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SrOs4As12 Experimental Data
21
NQR Spectrum in SrOs4As12
Q-P. Ding et al. PRB 100, 054516 (2019).
A similar Nuclear Quadrupole 
Resonance (NQR) spectrum is 
observed around 62 MHz in 
SrOs4As12
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Ferromagnetic Spin Correlations & SC
Based on BCS Theory
Quite different behaviors: 
• SrOs4As12 
Nearly independent of T, 1/T1T = CONST. 
• SrFe4As12 
A broad maximum around 60 K (ferromagnetic spin 
correlations)
Q-P. Ding et al. PRB 100, 054516 (2019).
Suppression of 1/T1T in SrOs4As12 
Strong suppression of ferromagnetic 
spin correlations in SrOs4As12  
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NMR Study on Superconductors
Symmetry of Cooper pairs:
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Ferromagnetic Spin Correlations & SC
Based on BCS Theory
• Relationship between electricity, 
paramagnetism, and 
ferromagnetism 
• Temperature of 1/T1 concluded to be 
exponential decrease dependence, 
due to bad purity quality  
• Also, in comparison with simulation 
result in NMR spectrum
No obvious ferromagnetic correlations in SrOs4As12 S-wave superconductor!
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Induce SC in SrFe4As12?
1. Adding pressure, if we could remove/suppress 
ferromagnetic fluctuations, does it mean that we would  
have the possibility of getting SC state? (smaller compound, 
more overlapped, more itinerancy) 
2. How the ferromagnetic fluctuations change with pressure 
by observing T1?
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Induce SC in SrFe4As12?
High pressure cellLow Temperature Equipment
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Ferromagnetic Spin Correlations 
Pressure Applied
• No obvious change in  up to 
1.76 GPa 
• Thus, no much change in the 
ferromagnetic fluctuations in 
SrFe4As12 
• Up to 1.76 GPa, no SC was detected 
by AC susceptibility measurements 
(down to 1.5 K)
1/T1T
No SC and no change in magnetic correlations up to 1.76 GPa in SrFe4As12
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Summary
1. The temperature dependence of 1/T1T above Tc indicates that ferromagnetic 
spin correlations observed in SrFe4As12 are strongly suppressed in SrOs4As12. 
2. The temperature dependence of 1/T1T in the superconducting state 
evidences a conventional s-wave superconductivity in SrOs4As12.
3. No SC was observed in SrFe4As12 up to 1.76 GPa and no significant change in 
magnetic correlations under pressure was also observed.
We reported the results of 75As NQR/NMR measurements in the superconductor 
SrOs4As12 and compared with those in the non-SC SrFe4As12.
SrOs4As12 is a superconductor without ferromagnetic spin correlations, 
while SrFe4As12 is a metal with ferromagnetic spin correlations 
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Q & A 
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The End
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